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ABSTRACT

With the rapidly increasing insertion of photonic devices, circuits and subsystems into NASA spacecraft, a variety of
issues associated with reliability and radiation tolerance have arisen. In this paper, we discuss these issues from the
perspective of thework currently ongoing inthe NASA Electronic Parts and Packaging (NEPP) Program. This Programis
focused on evaluating the reliability and radiation response of advanced and emerging microelectronics and photonics
technologies of interest to NASA spacecraft system designers. Examples to be discussed include radiation studies of
various optoelectronic devices and reliability of photonic components. These studies have been motivated in part by
problems observed in space that include the failure of optocouplers on TOPEX/Poseidon, and the observation of single
event-induced transients in the Hubble Space Telescope.

1. INTRODUCTION

The qualification of microelectronic and photonic devices for space applicationsis challenging and difficult because the
space environment presents a variety of stressing factors that these devices must survive so that mission success is not
jeopardized. As shown in Figure 1 for the various phases of atypical Mars mission, these environmental factorsinclude
awide variety of effects that can cause photonic devices and circuits to degrade and possibly fail completely. Several of
these environmental effects are always present in a NASA mission, such as vibration effects during launch, but the
dominant, most severe effect can vary dramatically depending on the mission scenario. Unlike missions to the Jovian
system where radiation is usually the dominant factor, total ionizing dose (TID) isrelatively low for Mars missions such
asthat in Figure 1, and low temperature effects and contamination, especially for Marian surface assets, can be very
important. In contrast, for low Earth orbit (LEO) missions, such asthe International Space Station (ISS) and the Shuttle,
solar flare-induced radiation effects, both TID and single event effects (SEE), and aging effects for long missions are
often significant. The important point to be made, however, isthat space qualification of photonicsfor all NASA mis-
sionsisdifficult and challenging, especially for commercia off-the-shelf (COTS) photonic components which are not
intended for use in the space environment.

The NASA Parts and Packaging (NEPP) Program isaNASA multi-Center Program whose objective isto assessthe
reliability and radiation tolerance of newly available COTS and emerging el ectronic and photonic parts and packaging
technologiesin order to facilitate the low-risk insertion of microelectronics and photonics technologiesin NASA
systems. In meeting this objective, the NEPP Program evaluates a wide variety of photonics components including
optocouplers, LEDs, laser diodes, optical fibers, modulators, detectors, fiber optic links and accompanying conditioning
and amplification electronics. These evaluations take into account those environmental parameters that can adversely
affect the performance of these photonic components. Asindicated in Figure 1, these include operation at very low
temperatures, exposure to different types of radiation, damage and misalignment due to mechanical shock and vibration,
aging effects and thermal cycling. In this paper, we provide afew recent examples of thiswork.
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Figure 1. Impact of various space environmental factors on photonic devices for atypica Mars mission scenario.

2. RADIATION EVALUATIONS

Photonic components are susceptible to a variety of radiation effects which can degrade their performance during a
space mission, leading to reduced performance of spacecraft engineering systems or loss of science data from science
instruments. In addition, combinations of radiation with other environmental factors can lead to strong, negative
synergistic effects. For example, radiation tolerance is often much less at low temperature, and aging effectslatein a
mission can reduce the margin available to accommodate radiation-induced reductions in performance. In spite of along
history* of investigation of radiation effects in photonics, there are still many issues and problems to be solved prior to
using photonics in mission scenarios that have significant radiation exposure. Thisistrue primarily because of the
continual evolution of photonic technologies and the introduction of entirely new technologies. In subsequent Sections
we provide examples of some recent work in this areaunder the NEPP Program.

2.1 Proton-Induced Displacement Damagein Optocouplers

Early investigations® of optocoupler radiation sensitivity under the NEPP Program were prompted by optocoupler
failures observed on the TOPEX/Poseidon satellite, as shown in Figure 2. These failures occurred in thruster status
electronic circuits, beginning at alittle more than two years after launch. Fortunately, the status circuit failures did not
impact actual thruster operation.

The TOPEX/Poseidon optocoupler failures brought to light an important radiation hardness assurance (RHA) issue.
Typical radiation testing of optocouplers had been done using Co-60 gamma ray sources to establish total ionizing dose
(TID) susceptibility limits of these devices. Because optocouplers and their components are primarily susceptible to
displacement damage, their Co-60-determined TID resistance levels are quire high since gammarays cause negligible
displacement damage. The TOPEX/Poseidon failure levels, observed at much lower dose levels, suggested that protons
in the space environment caused the primary effect, and thiswas verified by comparing 4N49 optocoupler Co-60 re-
sponse with that to protons?. These results are shown in Figure 3; which shows the greater sensitivity to protons.
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Figure 2. Truster status circuit optocoupler failures on the TOPEX/Poseidon satelfite.
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Figure 3. Radiation sensitivity of 4N49 optocouplers to neutrons, protons and Co-60 gamma rays. Note the much greater sensitivity
to protons and neutrons, which is attributed to the dominance of displacement damage in the optocoupler degradation, as opposed to
ionization effects caused by gamma rays. Current transfer ratio (CTR) is the ratio of optocoupler output current to input current.

In addition to the necessity for using the proper type of radiation (protons for displacement damage effects) to establish
RHA, the determination of the overall radiation susceptibility of optocouplersis complicated by the fact that optocoup-
lers contain components, LEDs and detectors, that exhibit different and varying radiation sensitivities. In the case of
proton-induced displacement damage, typical results for the varying sensitivity of optocoupler components is shown in
Figure 4 for 4AN49 optocouplers. The total degradation is made up of that due to both the LED and the detector. Note that
for this particular case, the LED is significantly more sensitive to damage than the detector. In the next Section we will
present additional discussion of LED effects.
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Figure 4. Proton-induced displacement damage degradation of 4N49 optocoupler components.

More recent NEPP Program investigations®® of displacement damage effects in optocouplers have shown that the 4N49
is one of the most sensitive devices, and that more advanced, high speed couplers are more resistant to displacement
damage. For example, in Figure 5 data are shown for the current-dependent proton-induced degradationin CTR for an
advanced optocoupler from Agilent. Note that, in comparison with the 4N49 in Figures 3 and 4, the radiation hardnessis
much greater for the Agilent device. In addition the CTRs for the Agilent devices are significantly larger than for the
4N49s. The recent summary of results by O’ Bryan, et a® indicates that there is considerable variation in the displacement
damage hardness levels for available optocouplers. Not only is optocoupler selection for space missions complicated by
these variations and the complexity of the radiation response, but for COTS optocouplers, asis often true for COTS
digital and analog Si microcircuits, the radiation response of a given device type from a given manufacturer can vary with
date of purchase as shown in Figure 6 for 4N49s from Micropac. The implication of these datais that one must radiation
test each flight lot when using COTS optocouplers.

2.2Light Emitting Diodes(L EDs)

Very often, amajor fraction of the displacement damage sensitivity exhibited by optocouplers, such asthose in Figures 3
and 4, is due to degradation of the LED portion of the optocoupler. For this reason, extensive studies have been under-
taken within the NEPP Program of displacement damage effectsin avariety of LEDs. Therecent proton irradiation data
shown in Figure 7 illustrates this variation in radiation sensitivity”. Note that the longer wavelength amphoterically
doped (N and P-type dopants are both Si) GaAs LEDs are significantly more sensitive to proton-induced displacement
damage than the shorter wavel ength Optodiode and Hamamatsu LEDs. The greater radiation sensitivity of the amphoter-
ically doped LEDs has been attributed to differing current flow mechanisms and also basic differencesin radiative
recombination mechanisms’. Basic physics aside, the primary concern for the space application user isthe type of LED
used in COTS optocouplers selected for these applications. In NASA applications, there have been instances when
COT S optocoupler manufacturers switched LED types within their optocouplers without informing users, leading to
increases in radiation sensitivity of the optocouplers. Thus, it isimportant to determine the type of LED used in the
optocoupler flight lot and if at all possible, avoid the use of optocouplers with amphoterically doped LEDs. An alterna-
tive solution to the problem of optocoupler LED radiation susceptibility, isto work with the optocoupler manufacturer to
develop requirements and specifications for aradiation tolerant LED as an optocoupler component. This has been
accomplished recently by specifying a double heterojunction hardened LED that lead to an order of maginitude improve-
ment in optocoupler radiation resistance®.
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Figure 5. Proton-induced degradation in CTR for Agilent HCPL-4701 optocouplers as afunction of input LED current. Proton
fluencesin p/cm? are shown at the right of each curve.
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Figure 6. Variation of radiation response for different lots of Micropac 4N49 optocouplers over a seven year period.

Selection of LEDs and optocouplers for use in space applicationsis further complicated by the complexitiesinvolved in
extrapolating ground radiation test results to the actual space environment. Asindicated in Figure 7, proton testing for
displacement damage effects is usually done at only one proton energy to establish RHA for LEDs and optocouplers.
However, protons in the space environment are characterized by a wide energy spectrum, and the efficiency by which
displacement damage is created in semiconductor devices is dependent on proton energy. Reed, et al® have measured the
energy dependence of proton-induced LED degradation, and analyzed the results within the framework of expected non-
ionizing energy loss (NIEL) in GaAg/AlGaAs in order to develop amethod of extrapolating test results to the space
environment. Representative results are shown in Figure 8 for single heterojunction LEDs irradiated at different proton
energies and accelerator facilities. The solid line represents atheoretical NIEL calculation for GaAs. Note that when the
dataisnomalized to the NIEL calculation at 10 MeV proton energy, it agrees with the calculation at low and mid-energies
but deviates significantly at high energies. However, as shown in Figure 8, the experimental NIEL data of Barry, et al°®
agrees well with the single heterojunction data and also that for double heterojunction LEDs (not shown). As demon-
strated by Reed, et al®, this agreement can form the basis for more accurate prediction of expected damage in space.
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Figure 7. Proton-induced displacement damage degradation of four types of LEDs at moderate current levels.
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Figure 8. LED degradation, expressed as lifetime-damage factor, normalized to agree with calculated NIEL valuesfor 10 MeV protons.

2.3SingleEvent Effectsin Optocouplers

In addition to proton-induced optocoupler displacement damage effects, in themselves relatively complex, single event
effects (SEE) also affect the performance of optocouplers, and can compound the RHA issues for these devices. While
LEDs usually dominate the response to displacement damage effectsin optocouplers, SEE occur in the detector portion
of optocouplers, and alsoin fiber optic link (FOL) receivers. The SEE of concern are single event transients (SETs) that
can produce large pulses of photocurrent that will disrupt optocoupler and FOL functionality. The occurrence of SETsis
not surprising since detectors are intended to transform electromagnetic radiation in the form of light emitted by the LED
into photocurrent. Thus, protons, electrons and the heavy ions making up galactic cosmic rays (GCRs), al of which
produce more intense ionization tracks than light, can be expected to cause large photocurrent pulses in detectors. Of
particular interest are protons because they are more plentiful than GCRs and they cause siginificantly greater ionization
than electrons.



A simple depiction of the mechanismsfor proton-induced SETsis shown in Figure 9, along with atypical proton-induced
photocurrent pulse. The flat disks schematically represent the active regions in the detector structures, which for
detectors appropriately designed for radiation environments are quite thin, often less than afew microns. In the case of
Si detectors, it isimportant to avoid diffusion limited carrier collection and confine photocurrent generation to the
depletion region. For athin collection region, characteristic of the depletion layer in arelatively heavily doped junction,
protons do not deposit enough energy to generate a significant pulse when traversing the collection region, that is the
thindisk in Figure 9, at an angle to the large flat surface of greater than about 10° to 15°. Thus, there are two effective
mechanisms for creating large photocurrent pulses that can disrupt circuit function: 1) as shown at the top, when the
proton traverses the active region along a path close to parallel to the surface (direct interaction), and 2) when thereisa
nuclear reaction resulting in recoils that create heavy charge, as in the bottom illustration. Consequently, for direct

interaction one expects a strong angular dependence. As shown in Figure 10, this direct interaction model has been
borne out by observations of strong angular dependence of SETs*51°,
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Figure 9. Model for two mechanisms for proton-induced single event transient photocurrent pulses as shown at the right.

6x10°07
@ Channel 1 L g
5x10°07 O Channel 2 y 13
O
_ &
L 4x1007 o
S *
g [m]
2 -07
E 3x10 ®
8 .
5 2x1007 3
e
1x10707 o
s O
0 \ \ \ \
0 20 40 60 80 100

Angle of Incidence (deg)
Figure 10. Angular dependence of proton-induced SETSs.

It has also been shown?°1! that the cross section for SET production decreases strongly with increasing optical power
impinging on the detector in an optocoupler or on the FOL receiver. The SET cross section also depends on data rate,
and is greater in faster, high speed optocouplers and FOLs. These dependencies and various filtering techniques can be
used to mitigate SETs and prevent them from producing fal se output signals in optocouplers and high speed FOLSs.



2.4 Radiation Effectsin Injection Laser Diodes(ILDs)

Proton-induced displacement damage also degrades the behavior of injection laser diodes (ILDs). Recent data® illustrat-
ing this effect is shown in Figure 11 for Mitsubishi ILDs operating at awavelength of 1550 nm. Note there are three
regions of interest: 1) below the laser threshold current, the ILD behaves essentially like an LED and the output degrades
similar to other LEDs, asin Figure 7, 2) near threshold the light output increases very rapidly with the transition into
lasing, and the threshold current increases with increasing proton fluence, and 3) well into laser saturation the devices
areinsendgitive to proton irradiation because the radiative lifetime is extremely short so that displacement damage-
induced non-radiative recombination cannot compete effectively with laser output. With regard to radiation sensitivity,
the most critical ILD parameter isthe laser threshold current. If the proton damage causes alarge increase in threshold
current to alevel above the maximum permissible device current than the ILD cannot be “turned on”. Thus, for space
applications with large expected proton fluencesit isimportant to select IL Ds with awide current range between thresh-
old and maximum operating current. The variation of threshold current with proton fluence for four different ILDsis
showninFigure12.
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Figure 11. Proton-induced displacement damage degradation of Mitsubishi 1550-nm ILD.
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As a possible method of damage mitigation in ILDs, one may be able to take advantage of arelatively unique annealing
phenomenon. Degraded 1L Ds are often observed to recover during forward current bias without any need for heating to
induce thermally stimulated annealing. Examples®? of this non-thermal annealing effect are shown in Figure 13 for a1300-
nm ILD. Notethat if the ILD isunbiased at room temperature, there is no recovery of threshold current, but when the
deviceis placed under forward bias the recovery is substantial. This non-thermal annealing effect, termed recombination
enhanced annealing, is due to the transfer of energy from a non-radiative recombination event at a displacement damage-
induced non-radiative recombination defect center to lattice phonon energy. In GaAs and AlGaAs, the energy band gap
is wide enough so that this lattice photon energy is sufficient to cause the defect to jump from one lattice site to another
thus resulting in an annealing effect. One can envision exploiting this annealing effect by merely turning on the laser
during the mission after exposure to significant proton fluences.
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Figure 13. Forward current-induced annealing of displacement damagein 1300-nm emitting ILDs.

2.5Fiber Optic Cables

The effects of radiation on optical fibers and cables have been investigated over many years®, but RHA issues still
remain for application of fiber cablesin NASA missions. Thefocus of work in the NEPP Program has been on fiber cables
for use in the International Space Station (1SS) and the behavior of high speed FOLs for future use in NASA systems!#*5,
Thereisaparallel between Si microcircuits and optical fibersin the sense that radiation hardened microcircuits have
become difficult to obtain so that space system designers have had to resort to COTS Si digital and analog microcircuits.
Similarly, optical fibers hardened for the space environment have become very difficult to find, and this has required
additional radiation testing of COT Sfiber cablesto determinetheir radiation tolerance. A recent example of thiswork is
shown in Figure 14 for total dosetesting of a COTS graded index, germanium doped fiber cable manufactured by Lucent.
Asshownin Figure 14, 100 m lengths of fiber wereirradiated at different relatively low dose rates and at two tempera-
tures, +25°C and -25°C, with fiber attenuation measurements at awavelength of 1300 nm. The total dose-induced attenua-
tion in these fibers is due to the introduction of germanium-related color centers which is offset during irradiation by the
annealing of these centers. The balance between the radiation-induced color center production rate and the color center
disappearance due to annealing isinfluenced by several factorsincluding fiber core doping level, fiber drawing charac-
teristics, dose rate and temperature. Generally, the balance is shifted toward greater attenuation for higher dose rates and
lower temperatures, in agreement with the datain Figure 14. Asis often the case with doped fibers, the attenuation
growth is essentially linear with irradiation time and does not exhibit saturation. It is interesting to note that the dose rate
has relatively greater influence on the attenuation than does temperature suggesting that the annealing rate is significant
and not particularly dependent on temperature. We also note that the induced attenuation is quite high in these fibers; of
the order of 0.4 dB/m at 30 krads at adose rate of approximately 0.5 rad/s.
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Figure 14. Total dose-induced attenuation at 1300 nmin COT S graded index, germanium doped fiber cable manufactured by Lucent.

The results shown in Figure 14 indicate that the Lucent fiber is relatively sensitive to radiation so that for lengths greater
than 10 m thisfiber is not the best choice for applications that require high performance. However, at low dose rates, low
total doses and short lengths, this fiber can perform with lessthan 1 dB of loss. For 1 rad/min at 10 Krads the |osses at
—25°C for 3 meters of fiber (typical length used) are lessthan 0.5 dB and at +25°C the losses with these same conditions
arelessthan 0.3 dB. Thus, inrelatively benign radiation environments that do not require very low temperature opera-
tion the Lucent commercial 62.5/125 micron fiber can provide a suitable solution in lengthsless than 10 m. For those
applications with more stringent radiation and temperature requirements and relatively long fiber lengths, a step index
fiber with undoped core would be more appropriate if the datarateis not too high. In any case, the use of COTS fiber
cables in the space environment requires thorough testing in order to insure sufficient RHA, similar to the case for use of
COTSSi microcircuitsinthe space environment.

2.6 Fiber OpticLinks(FOLSs) in Space

Under the NEPP Program, eval uations have been performed on awide variety of FOLswith speed performance from the
1 MHz to multi-GHz regimes, and haveincluded investigations of different optical receiver technologies, wavelengths,
and designs, and various system parameters such as data rate and optical power budget. All of these factors and more
play asignificant rolein predicting an FOL s bit error rate (BER) performance in space. These evaluations have been
done in support of present and future insertion of FOLsin NASA flight systems. FOLs currently in flight are shownin

Tablel.
Table 1. Current fiber optic links in space.

PROJECT LAUNCH TECHNOLOGY SYSTEM
WAVE
LENGTH
SAMPEX 7/92 MIL-STD-1773 850nm
1Mbps
MPTB 12/97 AS1773 1300nm
20Mbps
MAP 2000 AS1773 1300nm
20Mbps
XTE 12/96 MIL-STD-1773 850nm
1Mbps
HST 02/97 MIL-STD-1773 850nm
1Mbps




The SAMPEX 1773 data link has been in operation for 10 years and has been supported by extensive ground testing and
analysis of the link and its response to SETsin the link receiver. Asindicated in a previous Section, detectors and
receiversare particularly sensitiveto SETs, and as shown in Figure 15, the SAMPEX 1773 link has been experiencing
about 10 to 15 bus retries/day over the 10 year period due to SETsin the receiver. The analysis and modeling of link
behavior led to the prediction of 18 retries/day, shown in Figure 15, that is close to the actual observed retry rate. In
addition, these efforts led to the development of arobust system-level mitigation that involves detection of a corrupted
data transfer followed by the option of attempting aretry of the message. During a seven year flight period this retry
protacol failed only once. This extensive body of work has also produced FOL assessment tools and guidelines for
mitigating radiation effectsin FOLs.

Asnoted in an earlier Section, Si detectors are susceptible to SETs because their active regions are relatively thick. Thus,
inthe case of a“first window” (800 nm to 850 nm) system, asfor SAMPEX, one expectsarelatively high SET rateinthe

receiver. This hasled to the use of links at longer wavel engths, such asthose for MPTB and MAP (Table 1), that employ
I11-V-based detectors such as InGaAs, which have much thinner active regions and are not as prone to SET-induced false
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Figure 15. SAMPEX fiber optic 1773 busretry rates between 1992 and 1996 dueto SETsin the link receiver. The gradual increasein
actual retry ratesis attributed to the transition from solar max to solar min during this period.

3. RELIABILITY EVALUATIONS

Under the NEPP Program, asignificant amount of work has been donein the general area of thereliability, characteriza-
tion and qualification of photonics components, such as optocouplers, LEDSs, ILDs, large laser arrays, connectors, fiber
cables and detectors, for the space environment. These investigations have led to the publication of several papers and
guidelines which are helpful to the space application user’®%, In this Section we briefly present afew examples of this
work.

In support of 1SS, problems associated with optical fiber jacketing and fiber cable configurations have been investigated.
During the development of the ISS fiber cable harnessing, it was discovered that thermally induced cable component
shrinkage was a serious issue for cables that would be used in changing thermal environments. As shown in Figure 16,
several cable types were subjected to thermal cycling to investigate cable shrinkage resulting from the cycling tests.
Cablesweretested up to 60 thermal cyclesfrom -30°Cto 140°C at 1°C/min with a5 min dwell at both temperature
extremes. Notethat all cables exhibit some shrinkage after afew 10s of cycles. Fiber cablesfrom two manufacturerswere
also optically monitored to detect the effect of shrinkage on attenuation of the fiber cables, and as shown in Figure 17,
the Northern Lights cable showed a definite reduction in output power with increasing number of thermal cycles.
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Figure 17. Optical power variation in two fiber cable types due to thermal cycling-induced cable shrinkage.

In alater study, several additional commercially available cable configurations were tested for shrinkage due to thermal
cycling and compared to NASA heritage space flight cables. The thermal cycling protocol for these tests was more
stringent with atemperature range from -55°C to +125°C and ramp ratesof 2°C/min with dwells of 28 minutes per
temperature extreme. Results from these studiesfor five different fiber cables are shown in Figure 18. Theinsight
gathered from this experiment proved that 20 cycles of “preconditioning”, atechnique for avoiding the very high
shrinkage observed early in the thermal cycling test, may not be adequate for averting this thermally induced failure
mode. It was also important to note that the NASA heritage OC1008 cable was outperformed by other cablesin terms
of stability and thermal range. This proved of great interest to the Geoscience Laser Altimeter System (GLAS) Project
since it was during this time that part selection was necessary for this mission.

In other investigations, extensive reliability studies'®? have been made of a 12 channel optical fiber connector assembly
in support of the development of the Spaceborne Fiber Optic Data Bus (SFODB) for future NASA flight missionswith
intensive communi cations and data transfer requirements. Initial studies were performed on acommercial version of the
12 channel optical fiber ribbon cable assembly with MTP array connector. The results of this effort led to suggestions for
modifying the assembly to make it morereliable, and the modified assembly was the object of follow-on reliability tests.
The modifications involved two enhancements applied to the earlier technology to better suit the vacuum environment
and increase the reliability of the assembly during vibration. The MTP assembly characterized here has a 100/140 optical
commercia fiber and non-outgassing connector and cable components.
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The modified assemblies were subjected to vibration and thermal cycling tests. During these tests, a 1310 nm laser
source was used to monitor optical power throughput for selected channels of the 12 channel array in order to determine
the effects of these environments on the optical power transmission. The parameters of the vibration tests were based on
typical launch conditions for components under prototype testing. Three assemblies were subjected to vibration tests
inx, y and z directions, each for a duration of 3 minutes, as defined in Figure 19. The results of these tests for vibration
in the three directions are shown for one assembly in Figures 20, 21 and 22. Because an optical power meter was used
to monitor most of the channels, the results shown in these three Figures are “quasi-static” because the meter did not
follow the vibrationsin real time. Note that the optical power variation is both positive and negative relative to the
pretest power level. For all three tested assemblies and all three vibration axes, the quasi-static losses never exceeded
0.5 dB for any of the channels tested, and as verified through visual inspection, none of the optical fiber interfaces were
damaged as a result of the vibration launch conditions used in these tests.

= >

Figure 19. Orientation of MTP twelve channel ribbon connector assembly for vibration testing.

The modified assemblies were also subjected to thermal cycling tests with active optical power monitoring asin the
vibration tests. The thermal cycling parameterswere 38 cycles maximum, from—20° C to +85 °C, with aramp rate of 1 °C/
min and dwell times at the extremes of 25 minutes. For all three assembliesand all monitored channels, the maximum
optical transmission change observed during a single cycle was 1.6 dB, and the maximum change observed during an
entire thermal cycling test was 1.8 dB. Typical results for one of the assemblies are shown in Figure 23. Note that
initially thereisadrop in optical transmission followed by arecovery during thermal cycling to an average optical
transmission near that for pretest conditions. It is interesting to note that the general shape of these resultsis similar to
the thermal cycling-induced shrinkage data shown in Figures 16 and 18 in that thereisalargeinitial change followed by
adamping out of this change. Following the vibration and thermal cycling tests, al end facesin all the assemblies were
inspected and no damage was found. These results indicate that these assemblies are appropriate for space applica-
tions as part of the SFODB.
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Figure 20. In situ optical power transmission during X-axis vibration of MTP connector assembly.
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Figure 21. In situ optical power transmission during Y-axis vibration of M TP connector assembly.
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Figure 22. In situ optical power transmission during Z-axis vibration of MTP connector assembly.
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4. CONCLUSIONS

In this paper we have presented a sampling of some of the work on reliability and radiation tolerance of photonics that
has taken place recently under the NASA Electronic Parts & Packaging (NEPP) Program. A great deal more work has been
conducted within the NEPP Program, both on photonics and in other microel ectronics areas, and this work can be
accessed on the NEPP Web site at http://nepp.nasa.gov. As a conclusion to this brief review, we wish to remark on some
common themes emphasized by thiswork. They are asfollows:

1. For both microel ectronics and photonics, there is a continuing trend to use more and more COTS components
in NASA flight systems. Several factors are responsible for this trend including the ssimple fact that space
qualified and hardened parts are not easily available. In addition, COTS parts often possess greater performance
for less cost and quicker delivery. The issue of cost, however, is not always obvious because the added cost of
upscreening and radiation testing required to characterize and qualify COTS can result in a greater total cost
than that for space level parts. In any case, COTS photonic components will require continuing evaluation
before they can be used in NASA systems without jeopardizing mission success.

2. Generally, the radiation issues for photonics that are of most importance for application in the space radiation
environment are significantly different from thosefor Si microelectronics, especially for Si digital microcircuits.
For example, with the exception of optical fibers, total ionizing dose (TID) effects are of much lessimportance
for photonics. For 111-V-based photonic semiconductor components, displacement damage effects are of greater
ijmportance so that the protonsin the space environment are a key factor in determining the radiation tolerance
for specific mission scenarios. In the case of single event effects (SEE), only the receiver portion of afiber optic
link (FOL) is susceptible, in contrast with Si memory and processor devices.

3. While in some cases it is appropriate to use characterization and qualification methods and techniques
employed for Si digital and analog microel ectronics as abaseline and “jumping off” point for qualifiation of
photonic components, care must be taken in doing this becaues the important issues can differ significantly as
in the case of radiation effects noted above. Failure mechanisms for photonic components can be quite different
from those for Si microelectronics, as can the techniques used to test for and reveal component failure condi-
tions. Thus, care must be taken in not relying too heavily on analogies with the more established qualification
techniques used for Si microelectronics.
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